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Carbon fiber reinforced plastic (CFRP) is promising composite material which is a combination 
of carbon fiber and polymer matrix. CFRP has been actively utilized in the aerospace, automobile, and 
sport goods due to their superior mechanical properties. High strength-to-weight ratio is one of the 
biggest advantages of CFRP composite laminates which contribute to development of lighter structural 
component with abundant strength and stiffness. Although CFRP materials are fabricated in the near-
net shape, they still demand the post processing such as drilling, trimming and surface finishing 
processes to be used as a final product. Among them, the drilling is the most frequently used process 
for assembly and joining of the components. However, anisotropic and non-homogeneous 
characteristics of CFRP composite make the drilling process much more difficult than general metallic 
materials. Above adversities include the reduced life of drill bit with excessive tool wear by materials 
and leads to defect occurrence in the composite workpiece. Therefore, investigation of optimal process 
parameters is essential to overcome the adverse effect which can be appeared during drilling process 
and to make high quality CFRP hole.  
This study aims at predictive modeling of drilling process of CFRP composite to understand 
mechanism of force and defect generation. Predictive modeling can be divided into two sections, 
analytical and numerical studies for a deeper understanding of the process.  
First, experimental studies were conducted to investigate to figure out the process parameters 
affecting the drilling process of CFRP composites. Machining process involved with multiple factors, 
such as machine tool dynamics, tool geometry, material properties, and cutting conditions. Especially, 
II 
fiber volume fraction, and thermo-mechanical properties of CFRP composite was also considered in the 
study. Cutting force, and delamination were observed with dynamometer, optical microscope and 
computational tomography image. It was observed that both thrust force and delamination were 
intensely related to the feed, and diameter of drill bit. Fiber volume fraction also contribute to the 
magnitude of cutting force and force changes in time domain. Support plate showed prevention effect 
of delamination without affecting the cutting force and tool wear.  
Second, an analytical investigation of the drilling forces for unidirectional CFRP composites 
according to different machining parameters. Analytical modeling focused on the prediction of thrust 
force, which was a force generated in the drilling feed direction. Process parameters were selected 
considering the geometry of drill bit, cutting conditions, and material properties for the accurate 
calculation. In the analytical modeling in light of drill bit, the chisel edge region is classified as an 
extrusion operation and the lip is considered as an orthogonal small-element cutting region. The 
chipping, pressing, and bouncing regions of the lip are incorporated into this thrust force model. In 
addition, the analytical model includes the thermophysical properties of CFRP by incorporating 
softening of the material due to heat generation during the cutting processes. Based on the developed 
model, the thrust force curve for all drilling stages is analyzed in time-domain considering both cutting 
conditions and material properties. Comparison between predictions and experiments was performed 
on three CFRP samples (USN 150Y, USN 150B, and USN150E) with different fiber volume fractions 
and sixteen cutting conditions. It was observed that the predicted forces can capture the trend of the 
experimental data with the error of the minimum and maximum percentage error for USN 150Y was 12 
to 29%, 19 to 36% for USN 150B, and was 16 to 33% for USN 150E. Time-domain analysis and 
fluctuation evaluation were also used to better understand the mechanism of thrust force during CFRP 
drilling. 
Finally, investigation of the delamination of CFRP composites laminates during the drilling 
process has been conducted. When drilling the CFRP laminates, delamination is one of the severe 
defects that degrade the quality of CFRP products. However, delamination is the damage propagation 
inside the material which demand numerical analysis to observe stress-strain behavior. Therefore, finite 
element model of CFRP drilling was developed using commercial FE software to simulate the damages 
generated in the cohesive zone between the interface of laminates. Drilling simulation and tests were 
conducted to analyze effect of feed, spindle speed, and back-up plate on delamination as well as the 
thrust force. Before the delamination analysis, calculated thrust force results were validated by the 
experimental results to assure the accuracy of simulation. Delamination of the FE model were assessed 
by the evaluating damage criterion value of cohesive zone between the composite laminate plies. 
Quantified delamination factors of simulation were compared to the experimental results which 
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1.1. Research background and motivation 
 Over the past decades, there have been extensive use of composite materials replacing general 
metallic materials. Especially, Carbon Fiber Reinforced Polymer (CFRP) composite material lead the 
development of technologies of aerospace, defense, automotive, and sport goods sectors with their 
superior mechanical properties such as high strength-weight-ratio, higher corrosion resistance, and 
improved fatigue performance. 1-4 For example, the amount of composite materials used in Boeing 787 
Dream-liner estimated to over 50% of the airplane weight. Gradual increase of global demand of carbon 
fiber has been reported by Carbon Composites e.V (CCev) and the AVK as shown in Fig. 1-1. According 
to their report, 95% of carbon fiber utilized in the form of CFRP composite material in various industries.  
In addition, annual growth of CFRP market is forecast to at least 13% with the extensive use and cost 
reduction. 5, 6 
CFRP composite materials are generally fabricated in the near net shape with various 
production process, however, they still require post-processing to be the final product/component. Post-
process includes the hole making, edge trimming, and surface finishing. Among them, hole machining 
has been extensively required to the fabricated CFRP components to assemble and join to the other 
components. 7-16 To ensure the strong and precise riveted and bolted joints for the joining/assembly 
operation, high quality machined holes are essential without the damage and defects on the machined 
material. There have been several unconventional attempts to machine hole such as, water-jet machining, 
laser machining, and electrical discharge machining. 17, 18 Mechanical drilling process has been the 
common and reliable process to make hole with high productivity and relatively low cost in the 
manufacture industries. 19, 20 However, mechanical drilling operation exposed to the adverse effect by 
anisotropic, un-homogenous, and highly abrasive characteristics of CFRP composite materials. 7, 8, 21-23 
As shown in Fig. 1-2, various defects, such as fiber pull-out, dimensional error, spalling, and 
delamination can be generated by drilling process. Delamination is the most severe defects occurred in 
the material related to the fractures into layers, and that degrade the strength and decrease life of 
2 
 
composite materials. To avoid the delamination and make high quality hole, understanding of drilling 
mechanism and prediction of optimal process parameters for drilling process are essential. In previous 
studies, the CFRP drilling with drill bit has been experimentally studied. 7, 9, 23-26 Those studies 
investigated the effect of process parameters (such as spindle speed, feed, drill bit geometry, and 
material properties) to the machined hole. However, understanding of mechanism and observation of 
behavior of workpiece during the process was unable. In addition, there have been few studies to predict 
the mechanical behavior of workpiece during the drilling process. Therefore, an understanding of the 































1.2. Research objectives 
 The overall objectives of this study are to investigate the effects of process parameters on the 
cutting forces, and delamination, and to develop the predictive model to simulate force change on 
drilling process and behavior of damage propagation in the CFRP composite laminates. Ultimately, this 
study aims at developing the accurate delamination prediction model validated by the various 
experimental conditions. More detailed objectives of this study are as follows: 
 
 To investigate the effect of process parameter to the cutting force and delamination occurred during 
the CFRP drilling process, and find the major process parameter such as, drill bit geometry, material 
properties, and cutting conditions. 
 To develop the analytical model with understanding of fundamentals of CFRP drilling mechanism 
for reliable cutting force simulation for whole drilling process considering the major process 
parameters. 
 To develop the numerical model to predict the damage propagation and delamination for CFRP 
composite laminates with finite element method with appropriate material constitutive and damage 
model construction. 
 To validate the accuracy of prediction models and establish the appropriate assessing method for 














1.3. Outline of This Work 
 
 This thesis is composed of a total of six chapters. Chapter 1, 2, and 6 are the introduction, the 
overview of CFRP drilling characteristics and mechanism, and summary, respectively. Major research 
achievements and discussions are presented in Chapter 3, 4, and 5.  
Chapter 3 investigated the effect of process parameters on the CFRP drilling process. In this 
chapter, tool geometry, material properties, and cutting conditions were selected as the major process 
parameters which need to be observed. Cutting force and delamination ratio results were acquired to 
figure out the effect of process parameters. Major parameter for the predictive method were chosen 
based on the parameter analysis from experiment.  
Chapter 4 investigated the effects of major process parameters on cutting force using the 
analytical model. Fundamental cutting model was studied and implemented to the drilling motion of 
drill bit considering the tool geometry, and cutting conditions. Material characteristics of composite 
material was also implemented to simulate force changes during the whole process. 
Chapter 5 investigated the effect of major process parameters on the cutting force and damage 
behavior in the CFRP materials using numerical model. Finite element method was employed to observe 
the material behavior during the drilling process. Constitutive material and damage model were 
constructed to implement material characteristics of CFRP composite laminates.  
Finally, the end part of the chapter 4, and 5 investigated the accuracy of the predictive models 
with experimental validation. The cutting force changes during the whole process time calculated by 
both analytical and numerical model was validated with varying cutting conditions. In addition, the 
method to assess the delamination was developed by using minimum damage value for FE results. The 
experimental delamination factor results were acquired by computational tomography image and 
calculated through the image processing technique, thereby validating the delamination factor of the 














Figure 1-3. Research outline 
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2. Literature reviews 
 
2.1. Machining characteristics of CFRP materials 
 
2.1.1. Carbon Fiber Reinforced Polymer (CFRP) 
 
In general, machining of CFRP is a difficult due to materials’ inhomogeneity properties and 
anisotropic structure 1, 2, 7, 27. In addition to the adverse mechanical properties, CFRP has low thermal 
conductivity and low specific heat capacity, excessive rise of temperature during the machining process 
that concluded to material softening and thermal degradation. 9, 28, 29 Thus, the machining of the CFRP 
can be associated with unwanted defects on machined workpiece and severe tool wear30-46. Generally, 
thrust force during CFRP drilling process reaches maximum point at the exit of workpiece, which 
delaminate the drill-exit surface. Some of the important characteristic of CFRP which influences the 
strength of the CFRP materials are fiber volume fraction and the resin content. But very limited 
investigations have been reported which can give a clear understanding about the machining 
performance of CFRP composite of varying fiber volume fraction. Hence an exhaustive study is 
required which can give a clear understanding about the change in the force generation and delamination 
that occurs during the drilling of CFRP of varying volume fraction. 
 
2.1.2. Experimental analysis on CFRP drilling 
 
Various experiments have been conducted by researchers, investigating influence of parameters 
such as spindle speed, feed, drill bit geometry, and material properties to cutting force and delamination. 
Experimental studies on the CFRP drilling process were conducted since the early 2000s. 7, 22, 47, 48 
Davim et al. studied about the influence of process parameters using statistical analysis with the 
experimental results. 7 Cutting velocity and feed rate were chosen as the input variables, and observed 
the power, specific cutting pressure, and delamination factor 21, 24, 47 Regression model was developed 
using the diameter of drill bit and feed as the the major factor. Abrao et al. also investigated the effect 
of the tool geometry and material properties on thrust force and delamination, and the feed rate was the 
major factor in every drill bit type. 21 Gaitonde et al. investigated influence of cutting speed, feed rate, 
point angle in high-speed drilling condition. 47 Grilo et al. investigated the influence of three distinct 
drill (SPUR, R950, and twist drill) geometries to the delamination factor. SPUR drill showed the best 
performance in specific cutting conditions. 26 After that, Gaugel et al. 40 studied the influence of tool 
wear to the delamination factor with novel tool wear analysis method. Diamond coating on the drill bit 
showed contribution to quality of composite materials. Recently, Caggiano et al. developed monitoring 
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system and optimization algorithm to find the optimal process parameters for tool life and hole quality. 
43 In Table.2-1, influence of process parameters to output variables were summarized. Based on the 
literature studies, the feed, and spindle speed were selected as major factors, and in case of tools, twist 
drill bit was used. In addition, the fiber volume fraction was considered in this study to investigate the 
effect of the material properties. Recently process parameters of optimized using soft computing 
techniques such as fuzzy logics and neural network models. 49-66 Those computing techniques can be 
adapted due to development of monitoring and sensor technologies. 45, 46, 51, 67-73  Advanced cutting 
process such as vibration assisted, ultrasonically assisted, and using novel design cutting have been 
adapted by several researchers to improve the quality of process and workpiece. 74-81  
 
2.1.3. Assessment of delamination 
 
 Delamination assessment is generally done by using the concept of delamination factor. First 
method to evaluate the delamination was introduced by Chen.2 The delamination factor they proposed 
was defined as the ratio of the maximum diameter of delamination zone to the diameter of the hole 







However, with the conventional method for delamination quantification, the contribution of 
damaged area, and crack propagation were ignored. New methods have been proposed by researchers 
to compensate for the drawbacks of the conventional method. 2-dimensional, and 3-dimensional 
delamination assessment were established considering damage propagation of drilling induced 
delamination on the CFRP. 4, 82-84 Mohan et al. proposed the delamination assessment considering 
contribution of damaged area. 85 Faraz et al. also proposed the area based delamination assessment in 
similar method. 30 Davim et al. proposed the new delamination factor which considers the both crack 
length and damaged area, and several researchers adapted the adjusted delamination factor in the 
experimental studies. 4, 86 However, 2-dimensional delamination factor which considers the area 
contribution has been actively utilized in the studies developing predictive model for the intuition of 
proposed method. A summary of the proposed methodologies of delamination factors is expressed in 
Table 2-2. 
 For the reliable assessment of delamination, appropriate measurement of delamination is 
essential. General method for the delamination measurement was conducted by using optical 
microscope, which was the most economical and easiest method. However, with the development of 
non-destructive measurement technologies, several researchers introduced the assessment techniques. 
Tsao and Hocheng measured the delamination by ultrasonic C-Scan using ultrasound energy. 87 Kourra 
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et al. used the X-ray radiography to measure damaged zone inside the composite materials with 
acceptable accuracy. 88 Furthermore, Computational Tomography(CT) image was achieved by Lopez-
Puente et al. 48 and Haeger et al. 89 for 3dimensional measurement. High resolution 3D image could be 
acquired by using CT, and damage inside the CFRP composite can be observed in more detail. 
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Table 2-2. Summary of delamination of assessment and measurement method 
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cj2.2. Analytical modeling in composite material drilling   
 
 There have been several tries to develop cutting force model for CFRP materials in machining 
processes. 95-97 Some of the first attempts to develop a thrust force model for the machining of CFRP 
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was done by Chandrasekharan et al., where a mechanistic model was developed for the drilling of fiber 
reinforced composite.1 Coefficients for specific cutting pressure was calculated empirically, which was 
further included with the geometrical parameters of a drill bit to predict the thrust force. Langella et al. 
used a mechanistic approach to develop thrust and torque prediction model in semi-empricial method. 
98 The lip region was considered as a very small region of orthogonal cutting operations for the 
development of the model. Although the model was first of its kind, but its dependency on the 
coefficients calculated empirically makes it usage very limited. Guo et al. tried to develop a model for 
prediction of thrust force and torque generated during the drilling of CFRP composite. The model treats 
the machining using chisel edge region as an extrusion operation. The lip region was considered as an 
oblique cutting zone where three distinct tool-workpiece interactions, i.e. Chipping, Pressing and 
bouncing phenomenon takes place. 99 Model developed by them mostly considers the cutting force 
model developed by the Zhang et al. 100 Although the model could be used to predict the thrust and 
torque forces generated during drilling operations, inclusion of additional drill bit geometry details, 
such as the helix and normal rake angles, could improve the model accuracy. Karpat et al. developed a 
milling model that introduced a coefficient quantifying the variation in force generated according to 
fiber angle, and considers the force generated in radial and tangential directions. 101 Cheng et al. also 
developed a model of the thrust force and torque generated when drilling CFRP/Al laminates. 102 
Although their model could calculate the forces that occurred when the drill was moved from the CFRP 
to Al regions, it did not account for the chisel and lip cutting processes. Meng et al. developed a semi-
empirical model that computed the variation in thrust force that occurs at the drill bit lip based on input 
force coefficients. 103 the model showed its effectiveness in capturing the force variations, but more 
exhaustive model is required which can capture these variations at the chisel edge and the lip region 
during the drilling operation. Cheng et al. tried to develop a thrust force model for drilling-
countersinking of CFRP/Al stacks. The whole machining operation was divided into different regions 
i.e. chisel edge, cutting edge of drilling, cutting edge of rimming, and cutting edge of countersinking. 
104  Maegawa et al. used the cutting force model to develop a model for milling operation by considering 
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the tool wear. Polycrystalline diamond and tungsten carbide tool were used to validate the model and 
to understand the cutting mechanism taking place for unidirectional CFRP composite by considering 
the tool wear. 105 Jahromi and Bahr adopted a different approach for the development of model for 
orthogonal cutting of CFRP. Energy based modelling approach was used to develop the model which 
was specifically used for the CFRP with 90-degree to 180-degree fiber orientation.106 It can be learned 
from the above discussion that most of the developed model takes care of the material properties by 
using the specific cutting coefficient. Since these coefficients were developed using empirical relations, 
hence it may not provide a proper understanding about the machining requirements needed when 
different types of CFRPs are treated. Some of the models which takes care the material properties by 
using modulus and shear strength of the material, should also be further modified and tested to make it 
more applicable for generic cases of CFRP machining conditions. Inclusion of more geometrical 
parameters of drill-bit geometry can further enhance the applicability of the model for CFRP machining 
prediction.   
 
2.3. Numerical modeling in composite material drilling   
 
 Finite element analysis and simulation were implemented to the machining area to derive a 
computational model predicting the mechanical behaviors of workpiece 18, 25, 28, 39, 107-110. Finite element 
method has been actively used in this area because direct experimental approach to understand 
machining process is expensive and time consuming. One of the initiative studies of analysis on 
machining of FRPs using finite element method was carried out by Ramesh et al. 111, when the existing 
of FE models focus on the metal cutting process. Previous studies were constrained to orthogonal 
cutting process to understand mechanism of FRP cutting process 35, 112-114. Mahdi et al., developed a FE 
model for orthogonal cutting of FRPs considering the chip breaking phenomenon 112. They predicted 
cutting force in 2D model according to the cutting condition. Cheng et al., performed the micro scale 
cutting simulation on the UD CFRP considering thermal-mechanical coupling 115. Failure modes for 
fibers, matrix and the interface were investigated using simple damage-based fracture method. 
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Numerical simulation and experimental validation were conducted according to the fiber orientation 
comparing cutting and thrust force. Abena et al., proposed the zero thickness cohesive elements based 
on a traction-separation law to achieve accurate simulation of CFRP orthogonal cutting process with 
understanding of fiber-matrix interface.116 
Although there have been many developed analytical models to calculate the cutting forces, 
however, some studies have shown that numerical model plays a key role in the analysis of mechanisms 
for drilling process and the prediction of damage in the workpiece. Durao et al., carried out the initiative 
finite element model to analyze delamination during drilling of carbon/epoxy composite laminates.25 In 
referred paper, thrust forces in two different drill bit geometries were simulated and validated by the 
experimental data. 3D finite element model was applied to simulate delamination onset and growth 
incorporating with cohesive mixed-mode damage model and showed good agreement. However, in this 
study the influence of cutting parameters was not considered. Since that 3D FE simulation of the drilling 
process of FRPs is very complex, so the previous studies have been applied the commercial FE software. 
111-113, 117-122 Al-wandi et al., performed the finite element and experimental study to evaluate the 
delamination occurred during CFRP drilling process by presenting equivalent adjusted delamination 
factor 123. ANSYS-Explicit was applied to simulate the process using the ply-based modeling method. 
Singh et al., also performed an experimental and finite element approach to study drilling characteristics 
of UD-GFRP composite laminates and found that both thrust force and delamination factor depends on 
the drill point angle and the feed rate 22. Wu et al., carried out the FE model to predict the drilling force 
and torque using the Deform-3D finite element simulation software. 117 Giasin et al., analyzed the 
drilling process of GLARE composite laminates using ABAQUS/Explicit. Quality of the processed hole 
was examined in various perspectives which includes surface roughness, burr height, hole size, error of 









Table 2-3. Summary of FE model for CFRP machining process 




Simulation results Ref. 
CFRP and GFRP Orthogonal cutting ABAQUS/Explicit Cutting force(N), 
damage 
propagation 
Santiuste et al. 125 
CFRP Orthogonal cutting AdvantEdge 3D Fracture analysis Usui et al. 113 
CFRP Milling ABAQUS/Explicit Damage and 
cutting force 
Rentsch et al. 126 
Woven GFRP Drilling ANSYS DYN Thrust force(N) Nilanjan Das et al. 
127 
UD GFRP Drilling ANSYS Thrust force(N), 
Delamination 
Singh et al. 22 
GLARE Drilling ABAQUS/Explicit Thrust force (N), 
Torque (N-m) 
Giasin et al. 124 

























Quality of drilled hole of CFRP composite laminate and productivity are determined by various 
process parameters. 29, 36, 38, 46, 105, 110, 123, 124, 128-140 In this study, experimental studies were conducted to 
investigate to figure out the process parameters affecting the drilling process of CFRP composites. 
Machine tool dynamics, tool geometry, material properties, and cutting conditions are the parameters 
need to be observed. Machine tool contributes to the vibration and positional accuracy parameters of 
the machining process. 141-150 Vibration is determined by the machine tool dynamics, which is related to 
the performance of the machine tool and tool holder combination. Drilling tool is the major factor which 
investigated by previous researchers. 3, 4, 7, 21, 22, 30, 48, 82, 90, 98, 151-153 In case of twist drill bit, point angle 
and diameter of the drilling tool affects the force and delamination generated during the drilling process. 
21, 98, 99, 127, 131, 154-156 Fiber orientation, matrix properties, fiber properties, and fiber volume fraction are 
the parameters for the composite properties. 103, 113, 157-161 For the fiber orientation, there are uni-
directional(UD) CFRP, which is arranged in the one direction, multi-directional(MD) CFRP, which is 
the laminate stacked by carbon fiber plies with different angles, and woven CFRP. The fiber volume 
fraction refers to the amount of carbon fiber in the composite laminate, which affects the material 
properties. Especially, fiber volume fraction, and thermo-mechanical properties of CFRP composite was 
also considered in the study. There are spindle speed, feed, and the fixture conditions for the cutting 
conditions, and feed affects the force and delamination of the CFRP. Additionally, appropriate fixture 
design is the one important factor that prevent the defect occur during the machining process. 87, 137, 162, 
163 Cutting force, and delamination were observed with dynamometer, optical microscope and 
computational tomography image. It was observed that both thrust force and delamination were 
intensely related to the feed, and diameter of drill bit. Fiber volume fraction also contribute to the 
magnitude of cutting force and force changes in time domain. Support plate showed prevention effect 




Figure 3-1. Process parameters in the CFRP drilling process 
 
3.2. Investigation on thrust force according to the fiber volume fraction 
 
Thrust force is the major force component affects the quality of drilled hole, and it is the force 
generated in feed direction of the drilling process. 33, 94, 136, 166 As shown figure 3-1, parameters of the 
drilling quality and productivity controlled by the several process parameters. Machine tool 
performance, composite material properties, drilling tool, and cutting conditions are the major factors. 
In this work, fiber volume fraction, and fiber orientation of the composite materials were considered. 3 
types of uni-directional CFRP were chosen in this experiment. Fiber volume fraction contributes to the 
thermo-mechanical properties of composite materials. Drilling tool was fixed to twist drill bit which 
has 9mm of diameter with 135° of point angle, and It was manufactured by the Kennametal Inc. Drilling 
experiment was conducted according to the varying spindle speed and feed. The magnitude of the force 
was measured with the dynamometer (9257B) manufactured by Kistler Inc. Sampling rate of the 
dynamometer was 1000hz for the measurement. Temperature elevation due to drilling process was also 
measured with the thermocouples equipped to the CFRP composite materials as shown in figure 3-2. 
Software and DAQ manufactured by National Instrument Inc. were used for the temperature 
measurement. Machining center manufactured by Hermle Inc. was utilized for the drilling experiment. 
Detailed summaries of the equipment are expressed in the table 3-1, and table 3-2. Spindle speeds for 
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the drilling experiment were from 3000RPM to 9000RPM which are the adequate speed in general use 
Figure 3-2. Experimental setup for drilling test 
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Three different unidirectional carbon fiber composite materials with varying volume fraction, 
namely USN 150(66%), USN 150(57%) and USN 150(49%) (SK chemicals) was used for the 
experiments. Each sample was cured using autoclave at 125℃ for 90 minutes under 5bar pressure. The 
detailed material properties for the three CFRP composites are displayed in the table 3-1. The material 
properties of the CFRP composite were calculated using the rule of mixture. Each of the composite 
material was tested for the four set of speed and feed rate, varying each parameter one at a time. Hence, 
in total 48 experiments were conducted i.e. 16 experiments for each type of CFRP sample. The 
experimental thrust force results obtained were analyzed in this section.  
The effect of increase in volume fraction on maximum thrust force is shown in the figure 3-5. 
under different speeds and feed rates. It can be seen form the Fig 3.4 to Fig 3.6 that when the feed rate 
was increased from 0.02 mm/rev to 0.08mm/rev, a steep increase in the thrust force was observed. It 
Figure 3-3. Optical microscopic image for drill bit 
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can be attributed to the increase in the amount of material removed per unit time with the increase in 
the feed rate which might have resulted in the load on the cutting lip. This trend is similar for all the 
three CFRP material under four different speeds of 3000 rpm, 5000rpm, 7000rpm and 9000rpm. It can 
be seen from the respective figures (Fig 3.4 to Fig 3.6) that the thrust force is highest for the specimen 
USN 150E (Vf=67%) as compared to specimens USN 150Y (Vf= 49%) and USN 150B (Vf=57%). 
This might have occurred because of the increase in the overall strength of the material due to the 
presence of high content of fiber. Hence the force requirement for deforming and removing the material 
also got increased. It can also be seen from the results shown in figures (Fig 3.4 to Fig 3.6) that when 
the fiber volume fraction of the specimens was increased from 49% to 57%, the rise in the force is not 
linear. In fact, the differences in the thrust force between the two specimens were very minimal and no 
specific trend was observed. This deviation might have resulted because of the nonlinear change in the 
material properties like strength and modulus, when the fiber volume fraction was increased from 50% 
to 70%. It was observed from the work of Amuthakkannan et al. that when the fiber volume fraction 
got increased from 48% to 75%, the non-linearity in the change in the modulus of the fiber composite 
material becomes more prominent. 167 This nonlinear change in the strength was also reported in the 
work of karam where this change was attributed to the misorientation and inhomogenous fiber spread. 
168 This nonlinear change in the material property might have resulted in the nonlinear rise in the thrust 
force during drilling. Hence when the fiber volume fraction gets increased within very narrow range 
(49% to 57%), the variation in the force generation might be very minimal and nonlinear. The 
experimental thrust forces values obtained were then compared with the predicted mean thrust force of 









Table 3-1. Material properties of CFRP according to the volume fraction of fiber 
 









 USN 150(66%) USN 150(57%) USN 150(49%) 
Content of fiber % 75 67 60 
Fiber volume fraction % (Vf) 66 57 49 
Young’s modulus, E1 (GPa) 160 138 121 
Young’s modulus, E3, E2 (GPa) 10.13 8.02 6.8 
Shear strength, τ1 (Mpa) 99 89 79 
Shear strength, τ2 (Mpa) 75 63 54 
Poission’s ratio, υ13 0.28 0.31 0.33 
Glass transition temperature (℃) 126 
Decomposition temperature (℃) 405 
Diameter of drill (mm) 9 
Chisel edge thickness (mm) 0.49 
Point angle (degree) 135 
Clearance angle (degree) 11 




Table 3-3. Machining parameters for drilling test 
Cutting condition Spindle Speed (rpm) Feed (mm/rev) 
1 3000 0.02 
2 5000 0.02 
3 7000 0.02 
4 9000 0.02 
5 3000 0.04 
6 5000 0.04 
7 7000 0.04 
8 9000 0.04 
9 3000 0.06 
10 5000 0.06 
11 7000 0.06 
12 9000 0.06 
13 3000 0.08 
14 5000 0.08 
15 7000 0.08 




 Figure 3-5. Thrust force according to the feed and fiber volume fraction at spindle speed of 
5000RPM 




Figure 3-6. Thrust force according to the feed and fiber volume fraction at spindle speed of 
7000RPM 
 




3.3. Investigation on delamination 
 
 
Figure 3-8. Experimental setup for the drilling test with 3axis CNC machine tool 
 
Figure. 3-8 shows the experimental setup for the drilling experimental for delamination 
investigation. Drilling tests were conducted using a three-axis computer numerical control (CNC) 
machine tool. Multidirectional carbon fiber composites tested in this work were fabricated by prepreg 
with T300 reinforced fiber and epoxy resin supplied by the SK chemicals in Korea. CFRP laminates 
were cured in an autoclave at 125℃ for 90minutes with 5 bar pressure. Workpiece was 3mm in thickness 
with 14 plies stacked in fiber orientation with sequence of [(0/0/90/90)3/0/0]s. The geometric parameters 
of the drill bit (solid carbide drill; Kennametal, Ltd.) used in the experiments are given in Table 3. Dry 
drilling tests were conducted under 13 different sets of spindle speeds and feeds to investigate effect of 
machining parameters, and the machining parameters used are described in Table 3-4. Workpiece was 
fixed on the fixture and 9 holes with different machining parameters were drilled. The experiments were 
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conducted using a 9257B dynamometer (Kistler Holding AG), which sampled at a rate of 1 kHz. The 
thrust force generated during the drilling process was measured and recorded using a charge amplifier 
and data acquisition system. Delamination due to the drilling process occur both side of entering, and 
exit surface of CFRP composite material. Figure 3-9 shows the drilled CFRP composite for both 
entering and exit surface respectively. Delamination occurred at the entering surface is peel-up 
delamination, and the exit surface is push-out delamination as shown in figure 3-10. In general, 
delamination occurs more frequently at the exit surface and adversely affects the quality of CFRP 
product. Therefore, in this work, push-out delamination was analyzed, and inspected non-destructive 
testing was performed.  
The CFRP composite laminates were inspected by using microcomputer tomography (μCT) 
scanning technique using XT H320 industrial microfocus 3D CT system (Nikon Metrology NV) which 
has 320 kV microfocus X-ray source. Acquired CT images were transferred to the 3D CT Pro and 
reconstructed as the valid CT image. VGSTUDIO max (Volume Graphics GmbH) analysis and 
visualization software for industrial CT data was utilized to investigate the voxel data of CT image as 
shown in figure 3-11. Thick-slab image function in the software was used to acquire overlapped 2D 
image of the voxel data. The software's thick slab image function was used to acquire overlapping 2D 
images of voxel data. For images, volumetric data with a thickness of 0.3 mm was averaged and it is 
illustrated in the figure 3-12. Delamination factor (Df) in this work denotes ratio of delaminated area to 
the drilled hole area which is one of the most applied assessment methods in the previous studies. The 
scanned 2D image was processed in the MATLAB2019 to quantify the delamination factor of each 
experimental condition. As shown in the figure 3-12, delamination generated in the exit surface of CFRP 
was restricted to the diameter of hole of the back-plate equipped to the fixture. Figure 3-13, shows the 
optical image of the exit surface of the CFRP composite at spindle speed of 9000RPM, and feed from 
0.02 to 0.18. Delamination propagates according to the fiber orientation of the unidirectional CFRP, and 
degree of delamination increases gradually as the feed increases. Delamination at the feed above 
0.08mm/rev showed a severe quality which need to be suppressed. Drilling tests were conducted 
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Figure 3-10. Types of delamination: (a)Peel-up delamination at entering surface, and (b)Push-out 
delamination at exit surface of drilled hole 
(a) (b) 




Table 3-4. Drill bit geometries for delamination investigation 
Diameter (mm) 9 
Point angle (degree) 135 
Helix angle (degree) 30 




Table 3-5. Machining parameters for drilling test for delamination investigation 
Cutting condition Spindle Speed (rpm) Feed (mm/rev) 
1 5000 0.04 
2 5000 0.06 
3 7000 0.04 
4 7000 0.06 
5 9000 0.02 
6 9000 0.04 
7 9000 0.06 
8 9000 0.08 
9 9000 0.10 
10 9000 0.12 
11 9000 0.14 
12 9000 0.16 








Table 3-6. Delamination factor of non-backup plate, and backup plate conditions according to the feed 




Thrust force (N) 
0.02 1.08 1.22 124 
0.04 1.27 1.24 180 
0.06 1.39 1.31 241 
0.08 1.59 1.36 275 
0.10 1.95 1.40 333 
0.12 1.90 1.34 384 
0.14 1.94 1.34 435 
0.16 2.04 1.39 487 
0.18 2.18 1.47 538 
 










Optical observation of the drilled hole has a limitation which is unable to quantified due to the 
delaminated surface of composite laminates. For the quantification to the delamination factor, CT image 
were acquired as shown in figure 3-12. Utilizing the developed Matlab code, CT scanned images of 
drilled composite material were analyzed as shown in the table 5. Delamination factor of the drilled 
hole without the backup plate, increases gradually. However, delamination factor increased to the value 
of 1.4 when the backup plate equipped to CFRP as the backup plate prevent the excessive delamination 
propagation. CT image of the drilled hole is illustrated in the figure 3-14 and 3-15.  





Figure 3-14. CT image of drilled hole without backup plate 




3.4. Investigation on drilling process of micro drill bit 
 
This work investigation on the effects of parameters on the hole quality during CFRP micro 
drilling process. Most of the previous work on CFRP drilling focused on CFRP drilling in macro scale, 
but more recently, micro hole drilling studies have carried out. This has been due to the increase in 
demand for micro holes in the aerospace industry. 115, 126, 133, 169-172 In this study, micro hole drilling 
experiments were carried out with a drill tool with a diameter of 1 mm equipped on the machine tool. 
The machinability and surface quality according to the feed rate, spindle rotation speed and CFRP type 
were analyzed. Surface delamination was observed on the surface of the CFRP laminates and the 
delamination ratio was evaluated according to the cutting conditions. Micro hole drilling of CFRP 
composites has a complex chip formation mechanism due to the non-homogeneous structure of the 
material, which makes it difficult to predict machinability. The anisotropic and abrasive nature of the 
material accelerates tool wear, and composite structures stacked in layers are exposed to defects in the 
internal structure by external forces. The tool also produces a size effect beyond the conventional size, 
which results in a nonlinear behavior of the cutting force. Larger ratio of chisel edge further improves 
thrust force in drilling, while larger aspect ratios of web thickness to drill diameter and drill length over 
diameter result in tool bending and buckling during drilling. 
 
Table 3-7. Composite material information for micro drilling test 
Type Prepreg Ply information 
Unidirectional SKYPLEX USN300B [0deg]X17plies 
Multi-directional SKYPLEX USN300B [0deg]X9plies+[90]degX8plies 




The work piece materials used in the micro drilling experiments are 3 types of CFRP composite laminate 
according to the prepreg and ply stacking types. The prepreg used in the CFRP composites are expressed 
in the Table 3-5. 
Workpiece has the thickness of 3mm, 5mm and 10mm and dimensions of 100mm X 100mm. UD 
and MD CFRP composite laminates are stacked with prepreg named ‘SKYPLEX USN300B’ which use 
‘Pyrofil MRC TR50’ as carbon fiber material. Woven CFPR composite is made up of 22plies of prepregs. 
Epoxy resins used for the CFRP composite laminates are ‘SKR-K51’. Two fluted solid carbide drill 
with diameter of 1mm manufactured by ‘Union Tool’ is used. Tools have 130 degree of point angle with 
10mm of flute length with 3mm shank diameter. 
Drilling experiments were conducted in 5axes machining center manufactured by Hermle. 
Milling chuck type tool holder is used to clamp the drill tool for process. Three axes piezoelectric 
dynamometer, Kistler 9257B, was used for measuring the forces from the drilling experiment. Jig was 
equipped above the dynamometer to clamp the CFRP composite laminate as shown figure 3-16. 
Machinability and defect of CFRP composite micro drilling are affected by cutting parameters. Cutting 
parameters in the experiments are spindle speed (RPM), feed rate (mm/min), Tool type (coated/uncoated) 
and CFRP material types. 
Cutting forces occurred during the micro hole drilling are significantly smaller than those of 
macro scale drilling. Thrust forces measured from the experiment for woven CFRP composite with 
spindle speed of 10000, 11000 and 12000RPM with feed rate of 360mm/min were ranged between 8N 
to 10N. In the same cutting conditions with 8mm diameter of cutting tool shows the thrust force about 
90N. 8mm diameter drill bit is manufactured by Kennametal. The work pieces were trimmed to 20mm 
X 20mm for the inspection. From these experiments, it is noted that delamination on the surface and 
delamination occurred in the internal structure should be classified separately in the micro drilling 
process. Non-destructive inspection with CT scan system shows delamination of the internal structure 
occurred in the macro scale drilling when the micro drilling has no defect. This test conducted in the 





Figure 3-16. CT image of (a) hole with 8mm drill bit (b) hole with 1mm drill bit in same cutting condition 
Figure 3-17. Experimental setup for micro drilling test 
35 
 
Table 3-8. Thrust force of micro drilling process according to the spindle speed 
RPM 10000 11000 12000 
Measured 
thrust force 
(average of 5holes) 
9 8.5 8.3 
 
3.4.1 Machinability of micro drilling process according to cutting condition 
 
 
Figure 3-18. Optical microscopic image of machined UD CFRP surface at feed rate of (a) 10mm/min, (b) 
30mm/min, and (c) 50mm/min. 
 
hole quality of drilled hole includes the defect as well as the dimensional accuracy. UD CFRP 
composite laminates with 3mm of thickness was drilled in the spindle speed at 5000RPM according to 
the change of feed rate with uncoated drill bit as shown in figure 3-18. The machined holes showed a 
clean entrance at every cutting condition. However, exit surface of CFRP laminates showed the uncut 
fiber and delamination. Diameter differences between entrance and exit were under 30㎛ at every case. 
According to the feed rate the uncut fibers occurred on exit surface were increased. During the CFRP 
drilling on a macro scale, woven CFRP laminates rarely occurs the uncut fiber. However, in the case of 
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micro drilling, woven CFRP also generated more uncut fibers as the feed rate increases. In addition, 
both UD and woven CFRP were rarely affected by the feed rate in the case of the damaged area due to 
delamination. 
 
The comparison between uncoated and diamond coated tool in the machinability showed the 
differences in the results as shown in figure 3-19. Figure shows the exit surface of machined UD CFRP 
composite laminates according to the spindle speed. Holes machined with diamond coated tool have 
less uncut fiber and delamination area than holes machined with un-coated tool at the exit region. The 
drilled hole with un-coated tool have delamination diameter of 1.4, 1.5, and 1.55 mm according to 
spindle speeds of 6000, 8000, and 10000RPM when the drilled hole with diamond coated tool have no 
delamination. There is no advanced research to explain quality difference of the hole depending on the 
coating of the tool, but it is expected that the heat and pressure generated during drilling are relatively 
smaller for the diamond coated tool and the chip is also discharged faster than un coated tool. 
 
3.4.2 Delamination of micro drilling process 
 
The delamination on the machined CFRP surface can be evaluated through the delamination ratio as 
shown in figure 3-21. Delamination diameter(Dmax) is defined as the diameter of circle containing the 
Figure 3-19. Optical microscopic image of machined UD CFRP surface at spindle speed of (a) 
6000RPM, (b) 8000RPM, and (c) 10000RPM. 
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delamination of drilled surface of CFRP composite laminates. 
 
Figure 3-20. Exit surface of CFRP according to the spindle speed, and coating (Diamond coated, un-coated) 
 
 
                             Eq. 3-1 
  
where the Fd is the value of delamination ratio, Dmax is the measured delamination diameter and 
D is the hole diameter. The smaller magnitude of delamination ratio means better quality of machined 
hole.  
In every cutting condition, delamination occurred on surface of CFRP composites were inevitable 
in normal drilling process. To achieve better hole quality, peck drilling process is applied and analyzed 
in this chapter. Peck drilling is a method of performing drilling by moving several times up and down 
Figure 3-21. Definition of the one dimensional delamination factor  
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without passing through at once like normal drilling. At the same cutting condition, delamination factors 
of exit region of CFRP composited are compared as shown in figure 3-22. Cutting conditions for the 
test were diamond coated tool with 1mm diameter in the feed rate of 30mm/min for the UD CFRP. 
Machined hole with peck drilling shows less uncut fiber as well as the smaller delamination ratio 
according to the spindle speed. 
 
 
Unlike a single hole drilling process, the distance between the holes was important in hole 
patterning. Especially, in the case of UD CFRP, critical delamination occurred between adjacent holes 
according to fiber orientation. This distance appears to be related to the delamination factor of a single 
hole and when the distance between the centers of the holes is less than 2.1 mm in the machining 
conditions under which machining is performed, delamination occurs in which the surface between the 
hole and the hole is completely peeled off. In micro drilling, both UD and Woven CFRP generated more 
uncut fibers as the feed rate increased. Coated tools showed better machinability than un coated tools 
and further research is needed to clarify the reason. Through peck drilling, drilled CFRP laminates 
showed lower delamination ratio than normal drilling process. Finally, in the micro drilling of UD CFRP, 
the delamination occurred according to the distance between the hole and the hole, and further study is 
needed to explain it. 
 






Table 3-9. Delamination factor according to the spindle speed(5000,10000,and 15000RPM), and drilling 
types (Normal, and peck drilling) 
 
 
Drilling type 5000RPM 10000RPM 15000RPM 
Normal 1.44 1.64 1.60 
Peck 1.27 1.38 1.44 




3.4.3 Investigation on vibration assisted drilling 
 
 As mentioned at above work, method of drilling process is another factor affect the quality of 
machined holes. Vibration assisted drilling process is one of the emerging hybrid processes applied in 
the machining for difficult-to-cut materials. In this work, ultrasonic machine tool manufactured by 
DMG mori was utilized for the drilling process as shown in figure 3-24. 
 
Figure 3-24. Experimental setup for vibration assisted drilling process 
 




Figure 3-25. shows the exit surface of the machined hole according to the spindle speed, feed 
rate, and process types. Two fluted solid carbide drill with diameter of 1mm manufactured by ‘Union 
Tool’ is used. Tools have 130 degree of point angle with 10mm of flute length with 3mm shank diameter. 
Vibration assisted drilling showed better results comparing to the normal, and peck drilling processes. 
Tool vibrates in 30kHz with the approximate amplitude of 0.01mm during the drilling process, and it 
decreases the delamination. Figure 3-27 shows the result of delamination ratio of both normal and 
vibration assisted drilling for varying feed rate and spindle speed. Vibration assisted drilling showed 
the better quality of machined hole for almost every cutting conditions. However, unlike to the drilling 
process with the macro size drill tool, micro drilling process was not affected by the feed rate. Similar 
results were also appeared in the drilling tests with the diameter of 0.5mm under same cutting conditions. 
Vibration assisted drilling showed better surface results in most cutting conditions as shown in figure 
3-28. Vibration assisted drilling seems to play the role of lubrication that unable to be used during the 
CFRP drilling process. Ultrasonic vibration emits the trapped power chips due to the high aspect ratio. 
However, results according to the cutting conditions tell us that micro drilling process need other 




Figure 3-26. Drilled hole with micro drilling process according to the spindle speed and feed rate 
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 Figure 3-27. Delamination factors according to the spindle speed with 
feed rate of (a) 10mm/min, (b) 30mm/min, and (c) 50mm/min using 1mm 
diameter drill bit 
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 Figure 3-28. Delamination factors according to the spindle speed with 
feed rate of (a) 10mm/min, (b) 30mm/min, and (c) 50mm/min using 





In this study, experimental investigations on the process parameters to the CFRP composite 
drilling process were performed. Various process parameters such as types of composite material, 
cutting tool, cutting conditions were chosen for the experiment, and analyzed as the result of the thrust 
force and delamination. The findings and conclusions of this study are summarized as follows: 
 
 Fiber volume fraction of the CFRP composite material affects the thrust force occurred during the 
drilling process. Increased fiber volume fraction contributes to the increase of strength for both 
inter-laminar and fiber orientation, and it causes the thrust force increases under same cutting 
conditions. 
 Feed of the drilling process strongly affects the thrust force and delamination of the machine hole. 
Delamination factors were calculated utilizing the processed CT scanned images, and it showed 
proportional relation to the feed conditions. Backplate during the drilling process prevent the 
delamination propagation, and delamination area was restricted to the diameter of the backplate. 
 Micro drilling process tests were conducted according to the drilling process types (Normal, Peck, 
and Vibrated assisted). Machined hole with vibration assisted drilling showed the best performance. 


















Typically, machining CFRP is a challenging task as it is typically inhomogeneous, and the structure 
may be somewhat orthotropic. Uncontrolled machining of CFRP can result in fluctuations in cutting 
force, delamination, and premature tool wear32-46. CFRPs can be produced in many forms, differing in 
extent of machinability. It is known that the fiber volume fraction and resin content of a CFRP have a 
significant effect on the strength of the polymer; however, few studies have been concerned with the 
machining performance of CFRPs as a function of fiber volume fraction. Therefore, we present an 
exhaustive study of the force generation and delamination that occurs when tooling CFRPs while 
varying the volume fraction. 173 
It can be learned from the above discussion that most of the developed model takes care of the 
material properties by using the specific cutting coefficient. Since these coefficients were developed 
using empirical relations, hence it may not provide a proper understanding about the machining 
requirements needed when different types of CFRPs are treated. Some of the models which takes care 
the material properties by using modulus and shear strength of the material, should also be further 
modified and tested to make it more applicable for generic cases of CFRP machining conditions. 
Inclusion of more geometrical parameters of drill-bit geometry can further enhance the applicability of 
the model for CFRP machining prediction. 174-177   
This paper focuses on the development of an analytical model for the drilling operation by 
considering the cutting lip region as a small minute section of orthogonal cutting operation and the 
chisel edge performing an extrusion operation. The force in the cutting lip section was further modeled 
by considering the chipping, pressing and bouncing region. Moreover, the fluctuation of forces is also 
modeled by predicting the minimum and maximum thrust force. Additionally, thermophysical 
properties of CFRP materials are also considered to predict the full stage thrust force changes in time 
domain. The prediction capability of the model is further tested for different fiber content of the CFRP 
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material. Furthermore, the thrust force generated during the drilling operation for three different 
unidirectional CFRP composite materials with varying volume fractions were compared and analyzed. 
 
4.2. Analytical modelling 
 
Figure 1 shows the complete modeling process. The expected thrust force is calculated based on 
the input drill bit geometry, CFRP composite material properties, and cutting conditions. A drilling cycle 
can be divided into four stages; the chisel, lip, and full engagement stages, and the exit stage. The thrust 
force increases when the chisel edge first enters the material, and continues to increase as the drill lip 
also engages. The rate of force increase reduces once the bit lip is fully engaged, and the force 
approaches its maximum value. The thrust force then decreases slowly until the drill bit starts to exit 
the material. The thrust force decreases sharply when the drill bit breaks out of the material, which 
continues until the drill bit tip has fully exited the material. The magnitude of the thrust force is strongly 
affected by material defects, so the proposed model analyzes the maximum and minimum force 
measured during stages 1 and 2. In addition, the thrust force profile is dependent on the position of the 
drill bit relative to the composite material; therefore, this model incorporates time-domain analysis so 





Figure 4-1. Flow chart of analytical modeling process 
 
4.2.1. Forces on the chisel edge 
 
The chisel edge of a drill bit generates an extruding force at the CFRP surface. Figure 2 shows a cross-
section of the force distribution along the plane B–B, and defines some geometric parameters.  
Guo et al. 99 and Cheng et al. 102 described the force generated by the extruding action of the chisel edge. 
The elemental cutting force chidF  can be resolved into two parts: (a) chldF  represents the generated thrust 
force and (b) chrdF   represents the generated torque.  The elemental force chadF   responsible for 
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where 3E  is the Young’s modulus of the CFRP in the transverse direction, 13v is the Poisson's ratio, w  
is the thickness of the chisel edge, chK  is the chisel edge coefficient (which is assumed to be 0.004), n  
is the speed of rotation (s–1), ƒ  is the feed rate, and t is the time in seconds. wγ  is half of the chisel edge 
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where / 2dε  is half of drill bit point angle. chir  is the chisel edge radius, which is given by Eq. (4-4) 
/ sin(180 )chir w ψ= −                                    (4-4)                                                                                                    
where ψ is the chisel edge rake angle (123.7°). 
The elementary force given in Eq. (1) can be integrated over the entire region of the chisel edge 
geometry to find the total thrust force, as described by Eq. (4-5). 
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Figure 4-2. Force on the chisel edge in axial and radial view 
 
4.2.2. Forces on the cutting lips 
 
The forces on the drill lip were modeled by mapping the forces generated by the orthogonal cutting 
system onto the drilling coordinate system, and accounting for the cutting lip angle. As shown in 
Figure 4, the force generated by the small cutting edge, dh, of the drill lip can be resolved with two 
components: xdF  represents the orthogonal cutting force, and ydF  represents the orthogonal thrust 
force. When the cutting edge of the drill lip is small, the lip can be described more simply as a number 
of orthogonal cutting edges, where each edge has different cutting parameters. Zhang et al. 100 reported 
that orthogonal cutting of a unidirectional composite can be divided into chipping ( 1ydF ), pressing 
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( 2ydF ), and bouncing ( 3ydF ) forces. Therefore, the total thrust force in this region, ydF , is the sum of 
these three forces (i.e., 1 2 3y y y ydF dF dF dF= + + ). The three components are discussed in more detail 
in the following section.  
 
Region 1: Chipping region 
The forces generated in the chipping region are primarily caused by material removal. The vertical 
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where the 1τ  is the shear strength perpendicular to the fiber direction, 2τ  is the shear strength parallel 
to the fiber direction, θ  is the equivalent fiber orientation, ca  is the cutting thickness, β  is the friction 
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where, rθ is the helix angle of the drill bit that varies along the cutting lip and 1φ  is the web angle normal 
to the drill bit axis. Then, rθ  and 1φ  are represented by Eqs. (4-9) and (4-10), respectively. 
1
1tan ((tan ) ( ) / )r h r t Rθ θ
−=                            (4-9)                                                                     
( ) chir t r>                                   (4-10)                                                             
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hθ  is the given helix angle of the drill bit, and dh  is an element of the cutting lip section. 
 




Figure 4-4. Force components and transformation to the drill bit coordinate 
 





Region 2: Pressing region 
Pressing forces are produced by the filleted region of the cutting lip. The vertical force generated by 











π θ µ θ= −
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where er  is the cutting lip fillet radius (assumed to be 0.0018 µm), and µ  is the friction coefficient 
between the tool and the workpiece, which is assumed to be 0.8 in this study. *3E  was calculated using 
Eq. (4-12), i.e., *3 pE Eθ=  owing to the angle between the cutting lip and fiber orientation. 
4 4
2 113
1 3 13 1
2cos sin 1 1( ( )( )sin 2 )
4p p
vp pE
E E G Eθ
θ θ θ −= + + −                     (4-12)                                          
where pθ  = 67.5° when the fiber orientation angle θ  = 90° with respect to the cutting lip, and pθ  = 90° 
when θ  = 0°. 
 
Region 3: Bouncing region  
 
Bouncing forces are generated at the tool–workpiece. The vertical force generated as the tool bounces 





dF r E dhα=                                                      (4-13)                                                   
where α is the tool clearance angle (11°) and *3 pE Eθ= , as the angle between the drill lip and composite 
fiber direction is 67.5°. 
Therefore, the total vertical force generated by the cutting lip is described by ydF , where  




As discussed, the orthogonal cutting system force, ydF  , must be transformed into the drilling 
component forces; yadF   is the thrust force and yrdF   is the vertical drill axis force. The drill is 
symmetrical around the drill axis; thus, yrdF  is cancelled-out, so that yadF  is the thrust force generated 
during the drilling process. Similarly, the cutting force component, xdF  , can be resolved into two 
components, xrdF  and xzdF , where xrdF  is cancelled-out such that xzdF  is the torque generated during 
drilling.  
1 2 3( )ya y y ydF dF dF dF dh= + +                                                    (4-15)                                         
The element dh can be transformed to a radial coordinate system using the incline angle, as described 
by Eq. (4-16) 
cos( ( ))dh i drρ=                                                              (4-16)                                               
where 1( ) /r t Rρ = , and 1R  is the maximum drill bit radius, as shown in Figure 4-3.   
As given in Figure 4-6, 
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The integration limits given in Eq. (4-22) are dependent on the effective radius of the chisel and drill 
bit. The radius of the cutting lip starts at the chisel edge radius, and increases to its maximum value R1, 
at which the cutting lip is fully engaged in a drilling operation. Hence, ( )r t  is a time-dependent 




Figure 4-6. The dimensions of the time-dependent radius, r(t), during the drilling process 
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The equivalent fiber orientation, θ , during the cutting operation is described by 
1
0cos (cos( )*cos( ( )))iθ θ ρ
−=                                                    (4-27)                                                                                    
where ( )i ρ is the incline angle, and 0θ  is the fiber angle at 0° and 90°. 
total cha lip totalF F F −= +                                                             (4-28)                                                                                
The expected force generated during the drilling process until the drill exited the material was calculated 
using Eq. (4-28). Upon exit from the material, the force was calculated by reversing the limits used to 
solve Eq. (4-28). 
 
4.2.3. Thermo-physical modeling of CFRP drilling process 
 
When drilling, the friction between the drill bit and workpiece increases their respective 
temperatures 128, 139, 178. CFRP materials are abrasive and hard, and have a low thermal conductivity; 
thus, the resulting temperature can be high enough to reduce the mechanical properties of the composite 
laminate. Therefore, the thrust force generated throughout stage 3 decreases gradually until the drilling 
process enters stage 4. Empirical models of the thermophysical properties of CFRP composites at high 
temperatures have been proposed by several researchers. Fei et al. 139, 140 used an exponential model that 
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where ( )P T   and 0P   represent the mechanical properties at the process and room temperature, 
respectively. fV  is the fiber volume fraction of the CFRP composite, and gT  and dT  are the glass 
transition and decomposition temperatures, respectively. The constants 1k  and 2k  are 1.155 and 0.552, 
respectively, as identified by the authors. The drilling process temperature was measured experimentally, 
and the temperature behaviors were included in the empirical model so that the mechanical properties 




Figure 4-7. Force fluctuation mechanisms. (a) The maximum force occurs when the angle between the 
cutting lip and fiber is 0° (θ0 = 0°), and (b) the minimum thrust force occurs when the angle between the 









4.2.4. Fluctuation modeling for drilling process 
 
Unlike homogeneous materials, the thrust force generated when drilling composite laminates 
fluctuates in a sinusoidal manner. As the drill bit rotates, the chisel edge progresses downward, and the 
drill lip cuts simultaneously; thus, the force variation incorporates both mechanisms and can be modeled 
if the minimum and maximum thrust force are known. The maximum thrust force can be obtained by 
summing Eqs. (4-5) and (4-22), which is described by Eq. (4-28).  
 
It was assumed that the minimum thrust force was generated when the chisel edge interacted with the 
resin of the CFRP composite, and the angle between the cutting lip and fiber was 0θ  = 90°. Figure 7 
shows the conditions under which the maximum and minimum thrust forces are generated. Here, E1 is 
the Young’s modulus parallel to the fiber direction, and 2E   and 3E  are the Young’s moduli 
perpendicular to the fiber direction in a unidirectional composite. If 3E  is applied to Eq. (4-5) as the 
Young’s modulus of the resin (
rE =2.5 Mpa), and the value of *3E  discussed in Section 2.2 is used as 
the value of 
3E  in Eq. (4-22) (owing to the 90° angle between the cutting lip and fiber direction), the 
minimum thrust force can be calculated using Eq. (4-28). Equations (4-30) and (4-31) describe the 
relevant parameters when the maximum and minimum force are generated. The total fluctuation over a 
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n tπ varies from 0° to 90°, and is repeated to obtain the force curve over the duration of the 
drilling process. 
 
4.3. Validation of analytical model 
 
The experimental thrust forces values obtained were then compared with the predicted mean thrust force 
of the model at the end moment of stage 2. The comparison between the experimental thrust force and 
the predicted thrust force is shown in the figure. 4-8. which shows the efficacy of the present model for 
predicting the mean thrust force. It can be seen from the figure. that the thrust force values of the 
material which has higher fiber volume fraction has generated the higher thrust force during drilling 
process in both experimental and predict results. The minimum and the maximum percentage of error 
for USN 150Y was 12% to 29%; for USN 150B was 19% to 36% and for USN 150E was from 16% to 
33% respectively. This might have occurred because of the variation in the predicted material properties 
with that of the actual one, which was obtained using the rule of mixture. The difference in the 
experimental and predicted values might have also occurred because of other uncontrollable 
environmental factors like vibration of the tool, rigidity of the machine tool, defects in the material, 
design of fixture and, voids in the specimen etc. 
 
4.3.1. Thrust force curve for full stages of drilling process 
 
The representative experimental result for the full stages of drilling process is shown in figure 4-9., 
which has performed in spindle speed of 7000RPM, feed of 0.02mm/rev with the material of USN 
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150(57%). The drilling process of CFRP and the thrust force change can be divided into 4 stages: 
stage1(chisel edge enter stage), stage2(lip section enter stage), stage3(full engagement), and stage4(exit 
stage). Drilling time along the stages are calculated based on cutting condition and geometry of drill bit.  
In Fig. 11. raw data of thrust force are averaged through moving filter of 20 to compare each force 
curves clearly eliminating unpredictable noise. The validation result showed good agreement between 
the predicted and experimental thrust forces, displaying similar trends through the whole stages figure 
4-9. shows the thrust force curves in the spindle speed of 5000RPM, and feed of 0.02mm/rev regarding 




Figure 4-8. The experimental and predictive result of the thrust force according to varying drilling 
conditions and fiber volume fractions 
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Table. 4-1 shows the thrust force values at the specific time which divided into 12 points as shown 
in Fig. 4-8. In the comparison result of fiber volume fraction of 49%, the maximum error magnitude 
occurred at the time of 2633 msec. At the time point of 1054 msec, thrust force reaches maximum value 
where the drill bit fully engaged to the material, and from the time point of 2096 msec, drill bit starts to 
exit the material. During the stage3 (1054~2096msec), thrust force has decreased about 26.5N and 
19.7N in the experimental and prediction results respectively. It appears that reduction of the thrust 
force is mainly due to the softening effect by the heat from the drilling process. Hence, the change of 
thermophysical properties of material has considered to the prediction model. The elevation of 
temperature was 85℃ and strength reduction of material was calculated as 28% by the Eq. (4-29). 
Reduction of the thrust force during stage 3 showed difference between the experimental and prediction 
result; the overall curve trend showed good agreement. The predicted thrust force curves in figure 4-
10(b,c) also showed good agreement that do not deviate significantly from the experimental thrust force 
curves. 






(Prediction) Error magnitude[%] 
Vf=49% Vf=57% Vf=66% Vf=49% Vf=57% Vf=66% Vf=49% Vf=57% Vf=66% 
253 37.2 39.4 50.1 47.1 45.2 52.6 21.2 6.4 4.7 
527 59.5 66.1 86.4 67.4 68.3 80.2 11.9 3.2 7.7 
780 82.4 95.3 117.6 89.5 94.4 110.2 7.8 1.1 6.7 
1054 115.4 124.3 149.6 113.4 125.8 144.8 2.0 1.2 3.3 
1317 112.8 123.2 136.0 112.5 123.7 143.4 0.2 0.3 5.1 
1570 112.2 119.7 138.1 109.1 120.1 138.5 2.7 0.4 0.3 
1833 100.7 104.6 135.4 102.2 111.2 128.6 1.9 5.9 5.5 
2096 88.9 85.3 115.3 93.7 100.7 116.0 5.3 15.2 0.4 
2370 59.3 68.4 78.7 69.2 75.5 87.2 14.4 9.4 9.7 
2633 35.5 38.7 54.4 46.3 48.1 57.2 23.9 19.5 5.2 




4.3.2. Thrust force fluctuation 
 
Predicted and experimental cutting forces during stage 1 to 2 with the fluctuation boundaries are 
described in figure 4-11. Maximum and minimum boundary lines are demonstrated for the three 
different fiber volume fractions in the identical cutting conditions. In the validation results, boundary 
lines showing predicted maximum and minimum thrust force of the model shows a trend similar to the 
boundary of the thrust force results obtained by the experiment. Most of errors appear at the end of 
stage 1 in every condition; extruding action of chisel edge occurs rapid increase of thrust force in very 
short time. At the time passed 200msec from the start point, maximum and minimum thrust force of 
experiment results are 38.4N and 13.7N respectively in figure 4-11(a). When the prediction results are 
44.4N and 22.3N respectively. These deviations could be attributed due to the non-controllable factors 
like vibration of the machine tool, impact between tool and the fiber, etc. However, the main reason is 
regarded as that the model cannot completely implement the complex geometry of the drill bit. 
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Figure 4-10. Thrust force results for whole drilling stages for both experiment and simulation with the 
spindle speed f at 5,000 rpm, and a feed of 0.02 mm per revolution for (a) Vf = 49%, (b) Vf = 57%, and (c) 




Figure 4-11. The experimental and predicted fluctuation for a spindle speed of 7,000 rpm and a feed of 





An analytical thrust force model that describes the drilling of unidirectional CFRP laminates has been 
proposed. In this model, the thrust forces are assumed to be the sum of forces generated by the extrusion 
actions of the chisel edge, and the cutting mechanism of the cutting lip of the drill bit. The model 
accounts for the material properties of CFRP, the drill bit geometry, and the cutting conditions. In 
addition to the instantaneous thrust force at a specific point, the model was used to calculate the thrust 
force throughout the entire drilling process. Here, properties such as the thermophysical behavior and 
fiber volume fraction of the material were considered. The following conclusions can be drawn from 
the proposed model and experimental validation:  
 
 The model was developed by describing the cutting lip as a number of orthogonal cutting 
operations, and by incorporate chipping, pressing, and bouncing phenomena. Also, the 
incorporation of true geometric parameters during model development contributed to both the 
accurate calculation of the mean thrust force and showed proper agreement with the 
experimental data. 
 
 The thrust force fluctuations that occurred during the CFRP drilling process were predicted by 
calculating the maximum and minimum thrust force through careful selection of the material 
properties. In addition, the thrust force variation according to the fiber volume fraction was 
anticipated using the proposed model. Although a greater thrust force was generated for the 
specimen with a high fiber volume fraction, the change in force generation for lower fractions 
was limited, which was attributed to the nonlinearity of the material properties across such a 
narrow range.  
 
 The thrust force during the whole drilling process was calculated by accounting for the 
thermophysical properties of the CFRP composite materials, and was validated in the time-
domain. The modeled data captured trend with the experimental results at specific time points, 










 Although there have been many developed analytical models to calculate the cutting forces, 
however, some studies have shown that numerical model plays a key role in the analysis of mechanisms 
for drilling process and the prediction of damage in the workpiece. 22, 35, 111-113, 117-124, 127, 136, 137, 164, 179 This 
work presents an investigation of the delamination of carbon fiber reinforced plastics (CFRP) 
composites laminates during the drilling process. When drilling the CFRP laminates, delamination is 
one of the severe defects that degrade the quality of CFRP products. Therefore, we developed the finite 
element model of CFRP drilling process to simulate the thrust force and the damages generated in the 
cohesive zone between the interface of laminates. Drilling simulation and tests were conducted to 
analyze effect of feed, spindle speed, and back-up plate on delamination as well as the thrust force. Prior 
to the delamination investigation, simulated thrust force results were validated by the experimental 
results. Delamination of the FE model were assessed by the evaluating damage criterion value of 
cohesive zone between the composite laminate plies. Computational tomography (CT) image was 
acquired and processed into quantified delamination factor to validate the simulation results. This work 
is based on the published journal paper by Seo et al. 180 
 
5.2. FE model development  
 
 Figure 5-1 shows the complete numerical modeling process for delamination prediction. 
Results of FE model were thrust force and damage variable for cohesive surfaces. At first, when the FE 
model was set and calculated thrust force of drilling process was validated using measured data to 
ensure reliability of the FE model. In the second stage, damage variable values were acquired for each 
cohesive surface that implies the level of damage of each node. Damaged area of the simulation model 
was analyzed with the measured damaged area acquired from micro CT scanning according to the 
damage variable values. Two-dimensional delamination factor was applied for assessment which has 
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been the common evaluation method to define the damage degree of delamination. Subsequently, 




5.2.1. FE model setup 
 
Commercial FEM software ABAQUS/Explicit was used to simulate the drilling process of CFRP 
composite laminates. Summarized information about the FE model is shown in figure 5-2. 
 
5.2.2. Preprocessing of finite element model 
  
 The drilling FE model consisted of drill bit, workpiece, and fixture as shown in figure 5-2(b). 
The composite workpiece used in this work was fabricated by 14 plies of unidirectional carbon fiber 
fabric. The dimensions of composite workpiece in the FE model were 20mm X 20mm X 3.003 mm. 
Figure 5-1. Flow chart of drilling delamination prediction for CFRP 
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Plies in the FE model were stacked in sequence of [(0/90)3/0]s and cohesive surfaces with thickness of 
0.010mm were implemented between the ply interfaces. The dimensions of drill bit used in the FE 
model are described in the table 5-1. The fixture beneath the CFRP workpiece has the dimensions of 
20mm X 20mm X 2mm with the hole which has diameter of 12mm. Jig and the drill bit of FE model 
were considered as the rigid as it have higher elastic modulus than CFRP workpieces to save the 
computational time. 
The C3D8R element was applied to mesh the CFRP composite laminates, which is the 8-node brick 
element. The dimensions of element were 0.15mm X 0.15mm X 0.15mm. The C3D6 element was 
utilized to mesh the drill bit part1 with the refined global size of 0.39mm X 0.39mm. The element type 
of part2 was swept type which had rectangular shape with global size of 0.39mm X 0.39mm to reduce 





Figure 5-2. FE model setup for (a) Drill bit (b) Isometric view (c) Radial view with dimensions (d) 
boundary condition with half section view (e) ply stacking sequence with the cohesive surfaces 
 
 
 5.2.3 Material modelling 
Material properties of composite laminate were defined by user-defined material subroutine (VUMAT) 
with solid elements which was well established by previous studies. 18, 25, 28, 33, 35, 39, 48, 107-110, 122, 128, 164, 181 
The elastic properties of composite layers were shown in table 5-3 which includes the values of failure 
for inter-laminar damage, elastic stiffness, strength and fracture energy. Damage evolution was 
implemented by the power law in mixed-mode. Cohesive surfaces were adapted to the interfaces of 
composite layers based on traction-separation behavior. In addition, Hanshin damage model was 
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extended to the 3D composite damage model with the help of VUMAT and applied to the composite 
laminates to predict fiber failure modes. 182 Puck’s model was also used to predict matrix failure mode 
of composite laminate during CFRP drilling process. 
 







Hanshin’s criteria for failure in elastic fibers is defined in the following equation: 
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Where 11σ , 22σ , 33σ , and 12σ  denotes components of the effective stress tensors., fcd , mtd , and mcd  
are the damage variables related to failure modes of fiber tension and compression and matrix tension 
and compression. 1tX  and 2tX  are the tensile strength in longitudinal and transverse direction when 
1cX  and  2cX  are the compressive strength in longitudinal and transverse direction with respect to 
carbon fibers. 11S , 12S , and 13S  are the shear strength in 1-2, 2-3 and 1-3 planes. Strength properties 






Table 5-1. Strength properties used in FE model 
1tX  840MPa 
2 3t tX X=  50MPa 
1cX  570MPa 
2 3c cX X=  70MPa 
12S  72MPa 
13 23S S=  100MPa 
 
Damage on the cohesive surfaces were regarded as the value that denotes on the level delamination in 
this work. The quadratic nominal stress criterion was adapted to the FE model which assumes damage 
of interface initiate when the nominal stress ratios reaches a value of one. Expression adapted to the 
cohesive surfaces are shown in below: 
2 2 2
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     
    (4) 
Where nt , st , and tt  are the components of the normal and shear tractions at the cohesive surface. ont , ost , 
and o
tt  means the peak values of the nominal stresses when the deformation is purely normal to the 
cohesive interface or purely in the first or the second shear directions, respectively. 
The damage evolution with the potential, based on fracture energies which was based on mixed-mode 
was used to a power law fracture criterion with the following equation: 





     
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     (5) 
Where nG , sG  and tG are the instantaneous fracture energies at normal and shear directions. cnG , csG , 
and c
tG represents the critical values of the fracture energies required to initiate failure in the normal and 
the first or the second shear directions, respectively. The cohesive interface was defined by a traction-





Figure 5-4. Traction-separation response in cohesive interface 
 
 
The section A in the figure implies linear elastic behavior by the stiffness of the normal and the two 
shear directions (
nK , sK  and tK ), and curve constantly increases till it reach to the peak point. Section 
B of the figure describes damage initiation criterion, where 
nt , st , and tt  are the peak value that denotes 
the separation point. In section 3, damage evolution occurs where material stiffness is degraded once 
the initiation criterion is reached as in the section 2. A scalar damage variable, D , represents the overall 














     (6) 
In above equation, max
mδ is the maximum value of the effective displacement occurred during the process. 
f
mδ  and omδ  are the effective displacement at complete failure and at damage initiation, respectively. 
The relationship between traction (
it ), damage variable ( D ), stiffness ( iK ), and displacement ( iδ ) for 
the normal and two shear directions are shown in equation below:  
(1 ) ,    , ,i i It D K i n s tδ= − =     (7) 
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Effective displacement is the combination of normal and shear deformations as equation below: 
2 2 2
m n s tδ δ δ δ= + +     (8) 
The cohesive properties used in the FE model were listed in the table 5-2.  
 
Table 5-2. Cohesive properties used in FE model 
nK  1GPa 
s tK K=  1GPa 
c
nG  0.2N/mm 
c c
s tG G=  1N/mm 
nt  10MPa 
s tt t=  20MPa 
β  1 
 
 
5.3. Results and Discussion 
 
5.3.1. FE simulation results 
 
 From the FE simulation, Stress-strain state, deformation of material and damage values at the 
cohesive interfaces were acquired. CSDMG was the damage criterion representing the damage level of 
cohesive interface which accounts for the delamination of the composite laminate. Figure 5-5 shows 
the FE simulation conducted for the drilling process in the cutting condition of spindle speed of 
5000RPM, and feed rate of 200mm/min. The axial view of the 7th cohesive surface and the half section 
view of the FE model were illustrated in the figure 5-5 according to the process time. The 7th cohesive 
surface in the FE model was regarded as the interface of the composite layer which affected by the 
push-out delamination. Fully damaged elements in the cohesive surface were deleted when the drill bit 
engaging to the surface. The cohesive surface starts to take damage from the center as the drill bit enters 
the CFRP material, and damaged area gradually increased from the point where the chisel edge contacts 
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the interface. For the evaluation of delamination factor of material, the damaged area of cohesive surface 
at the end of the process were assessed as the delaminated area.  
 
 















5.4. Validation of Finite Element model 
 
 
The data in figure 5-6 are the experimental and simulation thrust force results according to the 
drilling stage. During drilling with the twist drill bit, stage 1 corresponds to when the chisel edge of the 
drill bit generates a thrust force. In stage 2, the thrust force increases to its maximum value as the chisel 
edge and lip of the bit gradually engage the composite laminate. The bit fully engages with the material 
at stage 3 and force decreases as the bit exits from the material at stage 4. The FE results were smoothed 
using a 25-point moving average window so that force curves could be compared more easily. The 
Figure 5-6. Both experimental result and FE simulation thrust force for whole drilling stages of carbon 
fiber reinforced plastic 
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There was good agreement between the simulated and experimental thrust forces, and similar behaviors 
were observed in stages 1 and 2. The maximum thrust force was the critical thrust force affecting the 
delamination of composite laminate 
 
 
Figure 5-7. Comparison of the experimental and finite element (FE) simulation results for the thrust force 
under various drilling conditions 
 
The maximum forces at the end of stage 2 were compared between the FE model and experimental 
results under different machining conditions to validate the FE model, as shown in figure 5-7. The 
experimental thrust forces generated under the same feed rate conditions had similar trends to those 
reported in previous studies. However, the FE results were slightly overestimated as spindle speed 
increased. With a spindle speed of 9,000 RPM, the thrust force increased significantly with feed rate. 
The maximum error was 33.3%, which occurred at a spindle speed of 5,000 RPM and feed rate of 0.04 
mm/rev. The error rates with a spindle speed of 9,000 RPM were 1.6, 12.4, 19.7, and 9.1%; thus, the 
FE results showed good agreement with the experimental results. 
 
Delamination generated on the cohesive surface was assessed as illustrated in the figure 5-8. FE 
model were developed under both condition with the back-up plate and without back-up plate. 
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Delamination generated on the surface of the composite laminates were inspected by the micro CT 
scanning and scanned image were processed by the VG studio and MATLAB. Thick-slab image of the 
workpiece were cropped to the size fit for analyze the damaged area. Brightness of cropped images 
were adjusted, and images were binarized to capture the overall damaged area. Damaged area of the 
drilled workpiece was measured and delamination factor for each machining condition was calculated 
to compare with the FE results. CSDMG results of FE model with the back-up plate shows similar 
visualized contour to the scanned image while difference in the visualized contour were found in the 
condition without back-up plate. The significant damage propagation along the fiber orientation 
direction was observed in the workpiece without the back-up plate while the damage on the workpiece 
reinforced with the back-up plate were restricted as the back-up plate support the composite laminates 
from bending. Damaged area was restricted to the diameter of the hole in the back-up plate which was 
12mm in the experiment, rather, damage was propagated around the hole not to the fiber orientation 
direction.  
 
Figure 5-8. FE simulation and experimental result comparison for assessing damage on the surface 





Stress contour of the FE results were common method to assess the delamination from the previous 
studies. 18, 28, 108, 109, 183 Figure 5-9 shows the von mises stress contour of FE results with and without the 
back-up plate in spindle speed of 9000RPM and feed rate of 540mm/min. Stress contour results showed 
good agreement to the scanned image from the experiment as damaged area were adjacent to the hole 
in the figure 5-9(a) while stress spreads among fiber orientation direction in the figure 5-9(b). However, 
the stress contour had limitation that quantification as the delamination factor was difficult. To assess 
the delamination in the quantified value, delamination factor in this work was calculated with the 







=      (5-1) 
Delamination factors of the experimental and FE results were compared in the figure 5-8. We tried to 
investigate the damage characteristics under the extremely high feed conditions in both with back-up 
plate and without back-up plate using both experiment and FE results in this section. Delamination 
factors were concentrated around the 1.4 and slightly increased according to the feed condition while 
the back-up plate was attached to workpiece. Feed over 0.10 mm/rev were the very fast speed condition 
in the drilling process which are rarely used in the industries. However, delamination factors without 
back-up plate were gradually increased as the feed speed were faster from the experiment. The 
delamination factor of 0.18mm/rev was increased 189.7% from the 0.02mm/rev. Delamination factors 
was 23.7% increased in average as feed increase with 0.02mm/rev.  
FE result in figure 5-10 showed the delamination factor assessed under CSQUADCRT 
criterion which specify a damage initiation based on the quadratic traction-interaction criterion of 
damaged area of the cohesive surface. The delamination factors of CSQUADCRT results were much 






Figure 5-9. Von mises stress contour of the exit surface of composite laminates with a) back-up plate and b) 
without back-up plate 
 
Figure 5-10. Delamination factors of experimental and simulation results of CSDMG and CSQUADSCRT 
criterion with the condition of a) back-up plate, b) Non-back up plate 
























However, CSDMG was one of the damage criterion that corresponds to scalar degradation for cohesive 
surface of composite laminates (CSDMG=0 stands for undamaged condition and CSDMG=1 for 
complete failure). CSDMG criterion have advantage that damaged area was calculated as a scalar value 
between 0 to 1 in terms of damage variables. When the CSQUADCRT criterion only divided the 




Figure 5-11. Damage contour of the exit surface of composite laminates with a) CSDMG and b) 
CSQUADCRT criterion 
 
The limitation in the accurate prediction of delamination factor was occurred when implementing 
damage criterion analysis. There could be many factors responsible for the error of simulation, one 
reason was the mesh size. Due to the complexity of the geometry and moving process of drill bit, mesh 
size was restricted to for the computational time. There was also a reason that the feed and rotating 
condition of drill bit used in the FE model were extremely fast which influenced nonlinear effect, 
stabilization, and contact problems causing undesirable large deformation as well as the non-
convergence. From the FE contour in figure 5-11, damaged area of cohesive surface spread widely in a 
whirlwind shape due to the rotation of the drill bit. Among them, the specific damaged area was away 
from the damaged area adjacent to the hole, and those were the one of reasons of simulation error. 
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Delamination factors of experiment and FE were analyzed according to the minimum damage values 
under spindle speed of 9000RPM and feed rate of 360mm/min as shown in figure 5-13, Figure 5-14 and 
5-15 show the result of delamination factor according to the minimum damage criterion value at the 
cutting condition of spindle speed of 9000RPM and feed rate of 540mm/min and 1080mm/min. Those 
results illustrate how the delamination factor changes according to the minimum damage values. 
Therefore, by controlling the appropriate minimum damage value, prediction accuracy of delamination 
factors would be increased. For the FE results with back up plate, we can see that the minimum damage 
value over 0.8 meets the delamination factor from the experiment. On the other hand, delamination 
factor results of experiment without the back-up plate were higher than the results with the back-up 
plate that the appropriate minimum damage values were relatively smaller.  
 
 
Figure 5-12. Delamination change according to the minimum damage value(Dmin); (a) Dmin=0.1, (b) 
Dmin=0.3, (c) Dmin=0.5, and (d) Dmin=0.7 
 
From the damage results using CSDMG criterion, cohesive surface could be contoured by 
arrays of damage variables between 0 to 1 as shown in figure 5-11(a). The node with scalar value 
between 0 to 1 can be considered as ‘damage initiated and in progress’ based on damage evolution 
model as shown in figure 5-4. The delaminated zone was calculated using FE results of cohesive surface 
for each cutting condition with the developed MATLAB code. The node under damage value of Dmin, 
was ignored when calculating the delaminated zone as shown in figure 5-12. As the Dmin value increases 
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gradually, delamination area decreases. It means that damage was not progressed enough to be 
delaminated of exit ply. 
Controlling the minimum damage value(
minD  ), delamination factors according to the feed 
were analyzed as shown in figure 5-12. Delamination factors of the FE results showed good agreement 
when the minimum damage value was 0.9 in figure 5-13a). The maximum error from the comparison 
was at the feed condition of 0.12mm/rev and it was 10.1% when the average percentage error was 5.32%. 
In case of condition for without back-up plate, appropriate minimum damage value was 0.8. It showed 
good agreement for low feed condition when the magnitude of error increased as the faster the feed. 
Maximum percentage error occurred in the feed condition of 0.18mm/rev, and it was 19.6%. Average 





Figure 5-13. . Delamination factor results of FE simulation according to the minimum damage criterion 
value with back-up plate at cutting condition of a) 9000RPM and 540mm/min of federate and b) 





Figure 5-14. Delamination factor results of FE simulation according to the minimum damage criterion 
value without back-up plate at cutting condition of a) 9000RPM and 540mm/min of federate and b) 






Figure 5-15. Delamination factor results according to the feed and damage value in the presence of a) 




Cutting conditions (spindle speed, feed), tool geometry, and presence of back up material are 
the key cutting parameters determining cutting forces and delamination for drilling process as reported 
by previous researches. 4, 21, 26, 33, 36, 47, 82-87, 89, 91-93, 123, 132, 183-190 Feed rate has been the mostly investigated 
condition and in general, feed rate and delamination factor have proportional relationship. Increase of 
drill diameter also increase the thrust forces negatively affect to the delamination of workpiece, 
meanwhile the spindle speed rarely affects the thrust force and delamination. 191-196 In this study, drill 
diameter was fixed condition when the spindle speed and feed rate were controlled for the cutting 
condition. When comparing the experimental results, the discrepancy of the thrust force results at fixed 
feed (0.04mm/rev, and 0.06mm/rev) with different spindle speed (5000RPM,7000RPM, and 9000RPM) 
was very small as shown in figure 5-7., which have similar trend to previous studies4, 86, 90.  
However, it was observed that FE thrust force results were gradually increased as the spindle 
speed increase in both feed conditions (0.04mm/rev, and 0.06mm/rev), and showed some discrepancy 
to the experimental results. While the predictive results for relatively slow cutting speeds were under-
estimated, when the predictive results at 9000RPM were over estimated as the feed rate increase. 
Possible reasons for the error are inadequate modeling of friction coefficient and element-deletion 
criteria for material damage models. Friction coefficient in the FE model was constant value which 
cannot perfectly realize cutting tool and workpiece behavior. Other reason is due to lack of accurate 
geometrical model of cutting tool when the cutting edge radius highly affect the cutting force results 
during drilling simulation. The other major reason could be the lack of accurate strength and failure 
model and properties for high-strain behavior of CFRP composites when the information of strengths 
and failure energies achieved from uniaxial tensile test. Other minor reasons could be the mesh size; 
due to the complexity of the geometry and movement of the drill bit, we restricted the mesh size to save 
computational time. Also, the feed rates and spindle speeds of the bit used in the FE model were 
extremely fast, which caused nonlinear effects and stabilization and contact problems, and thus 
undesirably large deformations, as well as non-convergence. 
Based on the thrust force validation, delamination analysis was conducted on the spindle speed of 
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9000RPM with varying feed conditions. As the most of delamination on CFRPs during drilling is 
occurred due to thrust forces acting at exit of holes, backup plate well prevented delamination of 
workpiece. The effect of backup plate to the delamination during the CFRP drilling process could be 
observed by drilling experiment and simulating the drilling process with and without the backup plate. 
Delamination factors from the experimental results in without backup plate conditions follow the same 
trends that have been reported by previous researches which increase as the feed elevated as shown in 
figure 5-9. 46, 133, 165 However, in the case of delamination factor results with backup plate, delamination 
factors (Df) were hard to exceed 1.56 which could be calculated by using eq. (5-1) assuming the 
maximum diameter of damage area was 12mm, and the diameter of hole was 9mm.  
In the case of experiment and simulation conducted with backup plate, appropriate damage value was 
0.9. FE results shows the damage is propagated beyond the hole diameter of backup plate. However, 
the damages occurred outside of hole of backup plate can be considered as a damage was just initiated. 
It can be seen that the strong damage which could be considered as delaminated actually occurred within 
the hole of backup plate. Therefore, it showed moderate agreement to experimental data when dmin=0.9 
as shown in figure 5-11.  
However, in the case of non-backup plate condition, dmin between 0.6 to 0.8 showed moderate 
agreement. Since there was no support to prevent the bending deformation of exit ply of composite 
laminate, delamination spreads further according to the feed rate. When the feed rate was relatively 
slow, the value of dmin=0.8 showed god agreement, but it can be seen that the deviation increases as 
the feed rate elevated. This denotes that delamination spreads more destructively in high strain rate 
condition that increases as the feed rate elevated. 33, 36, 40, 128-130, 135, 164, 184, 190, 195, 197-202 High dmin value 
implies that delamination occurred when damage progressed to completely failure condition. 
Conversely, low dmin value means that delamination occurs even where damage begins to initiated. 
Therefore, during CFRP drilling under backup plate condition, damages propagated to the hole diameter 
of backup plate and energies focused on the inside the hole of backup plate that make complete failure 
of exit ply. Under non-backup plate condition, damages propagated freely parallel to the fiber 
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orientation. Degree of damage is weaker as the distance from the hole increases. However, when the 




The Finite Element(FE) model that describes the drilling of multi-directional CFRP laminates has 
been proposed. In this model, the thrust forces, and damage in cohesive surface are simulated to predict 
the delamination. Delamination of the composite laminates was assessed by micro Computational 
Tomography(CT) scanning with thick-slab image method. Scanned images of exit surface of composite 
laminates were processed by the Matlab code for quantification as delamination factor. Delamination 
factor of FE model was evaluated according to the damage value of CSDMG damage criterion in 
ABAQUS/Explicit with comparison to common stress contour plat and CSQUADCRT damage 
criterion. Minimum damage values were presented for the higher accuracy of the delamination 
prediction using FE model of ABAQUS. The following conclusions can be drawn from the proposed 
model and experimental validation:  
 
 The FE model was developed by the ABAQUS/Explicit considering the CFRP composite 
laminate properties by implementing user-defined material subroutine (VUMAT) and cohesive 
surface to demonstrate interface characteristics of inter-laminar properties of composite 
laminates. 
 
 The thrust forces of FE model were compared to experimental result to validate the feasibility 
of FE model for delamination assessment. Percentage error in the spindle speed of 9000RPM 
was the 1.6%, 12.4%, 19.7%, and 9.1%, respectively, and FE results showed good agreement 
with the experimental results. 
 
 Delamination factors were analyzed in both with back-up plate, and without back-up plate 
conditions to investigate the damage behavior of the exit surface of composite laminates. 
Damage value of CSDMG criterion was controlled to observe delamination growth and showed 





6. Concluding Remarks 
 
6.1. Overall Conclusions  
 
This thesis mainly focused on the development of predictive model for drilling process of 
carbon fiber reinforced polymer composites using analytical, and numerical simulation. Experimental 
investigation has been conducted to find influence of process parameters, and major parameters 
affecting the quality of the holes were studied. Thrust force and delamination were simulated using the 
predictive models, and validation showed good agreement. This thesis can be summarized as follows. 
 
1) Experimental investigation on process parameters to the drilling process 
Increased fiber volume fraction contributes to the increase of strength for both inter-laminar 
and fiber orientation, and it causes the thrust force increases under same cutting conditions. Feed of the 
drilling process also strongly affects the thrust force and delamination of the machined hole. 
Delamination factors were calculated with the processed images, and it showed proportional relation to 
the feed conditions, but the effect of the spindle speed was insignificant. Backplate during the drilling 
process prevent the delamination propagation, and delamination area was restricted to the diameter of 
the backplate. In addition, micro drilling process tests were conducted according to the drilling process 
types. Among various drilling types, machined hole with vibration assisted drilling showed the best 
performance. However, effect of the micro drilling process was low due to the size effect of the drill bit. 
 
2) Development of analytical predictive model for CFRP drilling process 
The model was developed by describing the cutting lip as a number of orthogonal cutting 
operations, and by incorporate chipping, pressing, and bouncing phenomena. Also, the incorporation of 
true geometric parameters during model development contributed to both the accurate calculation of 
the mean thrust force and showed proper agreement with the experimental data. The thrust force 
fluctuations that occurred during the CFRP drilling process were predicted by calculating the maximum 
and minimum thrust force through careful selection of the material properties. The thrust force during 
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the whole drilling process was calculated by accounting for the thermophysical properties of the CFRP 
composite materials, and was validated in the time-domain. The modeled data captured trend with the 
experimental results at specific time points, across all stages. 
 
3) Development of numerical predictive model for CFRP drilling process 
 
 We have proposed an FE model of the drilling of multi-directional CFRP laminate. In this model, 
the thrust forces and damage in a cohesive surface are simulated to predict delamination. Delamination 
was assessed by micro CT using thick-slab images. Scans of the exit surface of the composite laminate 
were processed by MATLAB to obtain the Df. In the FE model, Df was evaluated according to the 
CSDMG damage criterion using Abaqus/Explicit software, and the results were compared against the 
FE stress contour plots and CSQUADSCRT values. An FE model of CFRP composite laminate 
properties was developed in Abaqus/Explicit software using a user-defined material subroutine 
(VUMAT) and cohesive surfaces. The interface characteristics and inter-laminar properties were 
analyzed to investigate the damage behavior of exit ply of composite laminate. The thrust forces 
calculated by the FE model were compared to the experimental results to validate the performance of 
the model for assessing delamination. The error rates at a spindle speed of 9,000 RPM were 1.6, 12.4, 
19.7, and 9.1% The CSDMG damage criterion was used to assess delamination growth. With an 
appropriate value of minimum damage variable, there was good agreement with the experimental results. 
In case of, drilling with backup plate, appropriate damage value was 0.9 and average error of simulation 
model was 5.32%. In the condition of non-backup plate, appropriate damage value was 0.8 and average 










6.2. Path Forward 
 
1) Delamination suppression during the machining process of composite materials 
 Although various predictive model simulating the delamination have been studied with the 
good agreement, research for the prevention and suppression of the delamination are essential for the 
industrial application. In the light of the experimental results in chapter 2, it was found that the effects 
of the fixture design and backplate during the drilling process was significant. Through this idea, CFRP 
stacked with the soft materials have been manufactured and drilling tests were conducted. Initial test 
showed meaningful prevention of the delamination of the machined hole with low increase of cutting 
force. Effective soft materials will be designed, and assessment of the effect will be tested according to 
the various cutting conditions. 
 
2) Prediction of defect and process optimization based on the artificial intelligence model 
 Although existing predictive model and proposed models can simulate the mechanical 
behaviors of composite materials during the machining process, above methods have some 
disadvantages. Analytical model is only adaptable for the expert, and application of the model is 
restricted to the specific machining environment. In case of the numerical model, the biggest drawback 
is the analysis time. In case of the proposed model, it took about 2 days. Prediction and optimization 
model based on artificial intelligence can be good alternative to predicting complex behavior of CFRP 
drilling process. Therefore, appropriate deep learning and optimization model for the machining process 
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